abstract BACKGROUND AND OBJECTIVES: Little is known about chronic neuromotor disability (CND) including cerebral palsy and motor impairments after acquired brain injury in children surviving early complex cardiac surgery (CCS). We sought to determine the frequency and presentation of CND in this population while exploring potentially modifiable acute care predictors.
WHAT'S KNOWN ON THIS SUBJECT:
Neurodevelopmental outcomes after cardiac surgery in early life provide critical information for understanding and improving care. Studies show these children are at risk for arterial ischemic stroke and acquired brain injury; further characterization of motor impairment is needed.
WHAT THIS STUDY ADDS:
This study focuses on the presence of chronic neuromotor disabilities including cerebral palsy and motor impairments after acquired brain injury in children surviving early complex cardiac surgery, providing information on the frequency, characteristics, and predictors that may assist in prevention. Survival rates after complex cardiac surgery (CCS) in early infancy have increased. 1 Disabilities have become a concern as studies show children with Congenital Heart Disease (CHD) often demonstrate deficits in cognitive abilities, social interaction, 2,3 language, 4 behavior, 5 permanent hearing loss, 6 and healthrelated quality of life. 7 Neuromotor delays have also been described as possible long-term outcomes after cardiac surgery 4, 8, 9 ; and acquired brain injury (ABI) has been recognized as a complication. 10 Domi estimated that 1 of 185 children with CHD are at risk for stroke within the first 72 hours postsurgery, after which hemiparesis may occur. 11 Brain injury as detected by neuroimaging has been found in up to 30% of infants with CHD before surgery. 12 Generally motor impairments have been studied as part of a description of neurologic deficits, resulting in lack of clarity on the frequency and characteristics of neuromotor disabilities.
"Cerebral palsy (CP) describes a group of permanent disorders of the development of movement and posture, causing activity limitation, attributed to non-progressive disturbances that occurred in the developing fetal or infant brain." 13 Twenty-four months is considered the maximum age that an acquired injury to the developing brain may be called CP, 14 thereafter the term ABI with motor impairment is used. CP is classified according anatomic distribution and typology of the motor disorder, functional motor abilities, accompanying impairments, neuroimaging findings, and the causation and timing whenever possible. 13 For this study, chronic neuromotor disability (CND), a term modified from Golomb, 15 is used as an umbrella term to include CP and ABI (including stroke). The aims of this study are to determine the frequency of CND among 4.5-year-old survivors of early CCS requiring cardiopulmonary bypass, to describe CND presentation according to the current CP classification, and to identify potentially modifiable acute care predictors that may lead to a reduction in the frequency of CND.
METHODS
This inception cohort outcomes study is part of a follow-up project conducted in 6 Developmental/ Rehabilitation referral sites in western Canada: Vancouver, British Columbia; Edmonton and Calgary, Alberta; Regina and Saskatoon, Saskatchewan; and Winnipeg, Manitoba. 16 Infants were identified at the time of first CCS and followed prospectively. At the time of CCS, predetermined demographic, preoperative, intraoperative, and postoperative variables were collected. The study was approved by health research ethics boards at each site; parental or guardian consent was obtained.
Participants
All infants #6 weeks of age with CHD who were considered at greatest risk for adverse outcome because of the need for CCS requiring cardiopulmonary bypass between September 1996 and December 2009 at the Stollery Children's Hospital, Edmonton, Canada, were included. Children were divided into 2 groups, those with only 1 CCS, mostly biventricular CHD, and those with .1 CCS, predominantly those with single ventricle defects. Children who died before the 4.5-year assessment and those lost to follow-up were excluded.
Childhood Clinical Assessments
Multidisciplinary assessments were performed at 4.5 years at the referral sites. 16 Each child was seen by a developmental pediatrician; if CND was suspected, a pediatric neurologist confirmed diagnoses. The CND nature, typology (spastic, dyskinetic, ataxic, hypotonic), anatomic distribution (unilateralbilateral) of the motor disorder 17, 18 ; functional motor abilities, (including oromotor involvement); accompanying impairments (intellectual disability; communication, vision, hearing impairments; epilepsy; autism spectrum disorder); and neuroimaging findings were recorded. 13 Medical records of children with confirmed CND diagnoses were independently reviewed by 2 investigators (MFR, CMTR). Chronological information within all clinical notes and neuroimaging reports was sought to identify presumed timing of likely causative events (including description of acute illness) that lead to the final diagnoses of CND. If the opinions of the 2 reviewers differed, then a third joint review was completed until consensus was reached. Accompanying impairments, recorded prospectively in the database as previously described, 16 were confirmed. Visual impairment, corrected visual acuity in the better eye of ,20/60, was determined by ophthalmologic reports. Hearing was evaluated by certified pediatric audiologists; sensorineural loss or auditory neuropathy bilateral loss at .25 dB HL from 500 to 4000 Hz was considered permanent hearing impairment. Epilepsy was defined as the need for antiepileptics at 4.5 years of age obtained by history and confirmed by medical reports. The diagnosis of autism spectrum disorder was made by multidisciplinary teams after standardized testing. 16 Intellectual disability was defined by the presence of both (1) intellectual impairment (scores ,70) as determined by formal psychological assessment by certified pediatric psychologists and (2) parentcompleted questionnaire of adaptive functioning deficit (scores ,70). 20 measures the ability of children aged 2 to 18 years to copy geometric designs, an important preschool learning skill.
Measures
The Adaptive Behavioral Assessment System-Second Edition 21 assesses independent and realistic-for-age behaviors using 9 skill areas grouped into 3 composite domains: conceptual, practical, and social. The motor skill is separate and included in the General Adaptive Composite score. Each age-based skill area scaled score has a mean of 10 and a SD of 3; scores ,4 are 2 SD below mean and show impairment.
The Gross Motor Function Classification System (GMFCS), 22, 23 a 5-level classification system based on the gross motor function of children with CP, with interrater reliability of 0.93, 24 was documented at age 4.5 years.
The Blishen Index 25 is an indicator of socioeconomic status dependent on employment, education, and prestige value of an occupation, with a population mean of 43 and SD of 13.
Maternal education was recorded in years of schooling at the time of the 4.5-year assessment.
Acute Care Variables
Acute care information in relation to CND (Table 1) 
Statistical Analysis
Continuous variables are presented as mean (SD) or median (interquartile range) and categorical variables as counts and percentages. The frequency of CND is given as percentage of assessed survivors, using 95% confidence intervals (CIs). Demographic, operative, and perioperative predictors of CND for all 25 children and for a subset of those with unilateral CND were analyzed using univariate and stepwise multiple logistic regression analysis. A total of 28 predictors were initially screened, complying with the regression model-building rule of at least 10 patients for each predictor, given our sample size of 420 children. Multiple logistic regression analysis included variables significant at P , .10 and clinically relevant variables after screening for multicollinearity. Results are expressed as odds ratios (OR) with 95% CI; significance was considered ,.05. Data analyses were performed using the Logistic procedure in SAS version 9.3.
RESULTS
From September 1996 to December 2009, 549 infants of #6 weeks of age had their first CCS requiring cardiopulmonary bypass; 105 (19.1%) children died and 24 were lost to follow-up by assessment age, leaving 420 (94.6% of survivors) to receive multidisciplinary assessment at a mean age of 55.2 months (6.6) (Fig 1) . At first CCS, 117 (27.9%) had single ventricle anatomy (74 had Norwood surgery for classic hypoplastic left heart syndrome), 157 (37.4%) had transposition of great arteries (TGA; 99 with intact ventricular septum), 54 (12.9%) had total anomalous pulmonary venous connection repair, and 135 (32.1%) had other cardiac abnormalities. The age at first CCS for all 420 children was 12 (8.6) days; for those with single ventricle, 11.3 (6.9); and with biventricular defects, 12.3 (9.5) days. Of the 420 children, 288 had only 1 CCS, and 132 had $2 CCSs.
Frequency of CND
CND occurred in 25 (6%; CI 3.7%-8.2%) of assessed children; 4.2% (CI 2.3%-6.1%) of those who had 1 CCS, and 9.8% (CI 7%-12.6%) of those with .1 CCS. CND occurred in 10.3% (CI 7.4%-13.2%) of those with single ventricle defect. Five children with CCS at #6 weeks had late death after 2 years of age and before the 4.5-year assessment; none of these had suspect motor impairment. Table 2 shows the description of the 25 children with CND at 4.5 years; 18 of 25 (72%) had unilateral motor impairment, half with right hemiparesis; 20 of 25 (80%) had spasticity; 18 of 25 (72%) had GMFCS I or II; and 4 of 25 (16%) had bulbar and oromotor involvement requiring gastrostomy. The presumed timing of the events leading to CND occurred within the first 5 days postoperatively for only 2 children, and none occurred on the operative day. Those 25 with CND had their first CCS on day 17.9 (12.1), on average 6.3 days after those without CND. For the 8 children with the presumed timing happening before first CCS, half of which had TGA, the age at surgery was 24.6 (13.1) days, on average 13 days after those without CND, only 2 of these 8 children had antenatal CHD diagnoses. For those 7 with presumed timing of causative event happening after the first CCS but before any further CCS, the age at first surgery was 14.8 (10.7) days, on average 3.2 days later than those without CND. In addition, 10 children had the presumed causative event at a subsequent surgery (Fig 2) .
Characteristics of Children With CND
Thirty-six (8.6%) of 420 children were born prematurely; 5 had CND. Presumed causative events for 3 of Table 2 ).
Childhood Growth, Health, and Accompanying Impairments
Accompanying impairments for the 25 children with CND are found on Table 3 . Intellectual disability occurred 20 times more commonly than the expected 2.23% determined from population normative values.
Prediction of CND
Univariate and stepwise multiple logistic regression analyses are shown in 28 Overall, postnatal-acquired CP is ∼5.5% of all CP: for 1998, it was reported as 0.41 (CI 0.14-0.67) per 10 000 live births. 33 The majority of our patients presented with spasticity, the most common motor disorder type of CP. 34 Unilateral distribution was the most common presentation, contrasting with the literature where bilateral spastic CP is most prevalent. 28, 31 Our findings align with results from a study by Golomb showing 87% of children with CP after perinatal arterial ischemic stroke present with hemiplegia. 15 We have found 72% of the children with CND have GMFCS levels of I or II with somewhat more ability to ambulate than previous findings in children with CP in the general population both in Europe and North America. 29, 30 In our study, children after CCS with CND presented with a higher rate of accompanying impairments including intellectual disability, autism, epilepsy, and vision impairment than those without CND. This supports other studies showing children with CP have a higher frequency of associated impairments than in the general population. 29, 30 We found that CCS survivors with CND, have a greater percentage of intellectual disability and autism but a lower rate of epilepsy compared with children with CP in the literature, 31, 32 including less epilepsy and visual impairment than children described in the European Registry with postnatally acquired CP. 33 The frequency of permanent hearing impairment among those with CND and those without was similar in our study; this may have been associated to ototoxicity as previously reported. 6 
FIGURE 1
Flowchart of death, lost, and assessed children after complex cardiac surgery at #6 weeks of age from the years 1996 to 2009. Of particular importance is our described association between the presumed timing of events leading to CND and timing of the CCS. We found that the presumed causative event for CND rarely occurred in the 0-to 5-day postoperative window, which has been considered a vulnerable period. 11 Overall, 32% of presumed
FIGURE 2
Timing of the presumed causative event that lead to CND in relation to CCS (n = 25). d = unilateral, ⊙ = bilateral. causative events took place before first CCS, TGA being the most common diagnosis among these children. This might be related to already described abnormalities of brain microstructure and metabolism. [35] [36] [37] However, 40% of presumed causative events took place beyond first CCS, and in this group, single ventricle defects were overrepresented.
Our study shows an older age at first CCS, high preoperative lactate levels, and .1 CCS are predictors of CND. The analysis of the children with unilateral CND confirms the importance of similar predictors and adds high preoperative inotrope score and lower weight at first CCS as predictors. We found the OR for CND is 1.08 for each day added to the preoperative period of first CCS. These findings underlie the importance of further investigation of earlier CCS [37] [38] [39] [40] [41] and lead to the question: are waiting times for surgery longer in infants with CND secondary to illness and therefore the child is not stable for surgery, or are other medical and social situations affecting the time of surgery? Special attention needs to be paid to this concept of "readiness to treat." Mahle reported that antenatal diagnosis leads to a reduction of early perioperative neurologic insults in neonates with hypoplastic left heart syndrome. 42 The lack of antenatal diagnosis in 6 of 8 children with presumed causative events before first CCS in this study supports this finding. Recent studies show antenatal diagnostic rates for CHD are increasing 43 ; this may result in fewer adverse preoperative events. Finally, the OR for CND is 1.13 for each mmol/L of preoperative plasma lactate elevation at first CCS. Increased preoperative lactate levels have been found to be associated with lower functional abilities after CCS, 44 with mental and/or motor delay in children undergoing arterial switch operations, 45 and as indicators of postoperative mortality and morbidity. [46] [47] [48] Preoperative plasma lactate levels and age at surgery are modifiable variables that could potentially lead to a reduction in CND the same way other advances have affected specific prevalence rates of CP. 29, 33 Specific in utero and perioperative neuroprotective strategies to achieve these goals should be further investigated. 49, 50 The strengths of this study include the high proportion of children assessed at 4. 
